Abstract-We demonstrate a method for infrared tomographic imaging of the initial three-dimensional (3-D) temperature increase of in vivo blood vessels following pulsed laser exposure. Using a time-sequence of infrared images recorded by a fast focal plane array camera as input data, a reconstruction algorithm is used to compute the initial 3-D temperature increases in the chick chorioallantoic membrane and port wine stain in human skin. The noncontact tomographic imaging method is relevant to various laser therapies that rely on a photothermal mechanism for selective modification of tissue and may find diagnostic application to determine optimal laser dosimetry, position, and size of targeted subsurface chromophores.
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In Vivo Infrared Tomographic Imaging of Laser-Heated Blood Vessels I. INTRODUCTION I NFRARED (IR) imaging of biological materials provides a noncontact technique to determine the temperature increase in tissues following pulsed laser exposure. Selective absorption of laser radiation in subsurface chromophores results in localized heating and may be detected as an increase in IR emission at the air-tissue interface. Pulsed photothermal radiometry has been utilized in numerous studies to determine optical and thermal properties of opaque materials [1] , [2] as well as nondestructive inspection of composite structures [3] . Theoretical analysis of photothermal phenomena in a one-dimensional (1-D) model was given in early work by Leung and Tam [4] . Their analysis demonstrated that the IR signal recorded immediately following pulsed laser exposure may be used to determine the thermal diffusivity and optical absorption coefficient at the excitation wavelength of a lightabsorbing sample.
Increasing use of laser sources for treatment of skin vascular disorders such as port wine stain (PWS) [5] , skin resurfacing [6] , and tissue reshaping [7] has stimulated theoretical and experimental research on photothermal effects in tissue in response to pulsed laser exposure. Inasmuch as blood hemoglobin is an important skin chromophore in the 570-590-nm spectral band, use of pulsed laser radiation is a convenient modality for selective photothermal damage of blood vessels comprising vascular lesions. Duration of pulsed irradiation and peak temperature increase produced in the targeted blood vessels are crucial parameters for successful laser therapy [8] .
In contrast to alternative diagnostic imaging techniques that rely principally on the detection of remitted or frequency converted light from the irradiated tissue (e.g., optical coherence tomography [9] , photon diffusion [10] , ultrasonic modulation of diffusing light [11] , spectral imaging reflectometry [12] , and two-photon fluorescence [13] ), photoacoustic and photothermal imaging techniques provide a signal amplitude that is directly related to the initial space-dependent temperature increase in targeted chromophores resulting from absorption of pulsed radiation. Although the photoacoustic technique is potentially advantageous for imaging deep chromophores, reported applications require mechanical contact between the sensor and tissue as well as use of a scanning algorithm for data acquisition and image reconstruction [14] . The photothermal imaging technique we describe takes advantage of a variety of commercially available IR detector arrays to collect the signal remotely from an extended object after pulsed laser exposure. A mathematical model and tomographic reconstruction algorithm (TRA) may be applied to process IR images and compute the initial three-dimensional (3-D) temperature increase in tissue. The computed temperature increase in a target object provides data for analysis of position and size of subsurface blood vessels and peak temperatures induced by absorption of pulsed laser radiation. This information is important for a variety of biomedical applications involving laser-tissue interaction including treatment of PWS.
We describe application of an IR imaging technique for in vivo 3-D tomographic reconstruction of laser-heated blood vessels. An iterative nonnegatively constrained conjugate gradient reconstruction algorithm was developed to compute the initial 3-D temperature distribution from a time-sequence of IR images recorded by a high-speed focal plane array (FPA) camera. First, we applied this technique to reconstruct the laser-induced temperature increase in the vasculature of the chick chorioallantoic membrane (CAM). Second, application of the method is demonstrated to compute the initial 3-D temperature increase in PWS blood vessels immediately following pulsed laser exposure.
II. BACKGROUND AND THEORY
For the purpose of analysis, we model subsurface blood vessels as a distribution of discrete light-absorbing chromophores. To characterize the thermal response of tissue to pulsed laser exposure we use the 3-D bio-heat equation to determine the space-time temperature increase [15] : (1) with a Robin-type boundary condition at the air-skin interface:
where is the rate of blood perfusion, and denote the heat conduction coefficient and thermal diffusivity of human skin respectively, which we assume is homogeneous, represents the combined radiative and convective heat loss at the air-skin interface. The Green's function solution to (1)- (2) represents temperature increase in skin at position and time in response to instantaneous release of a point heat source at the and time :
where and , where is the complimentary error function.
Because the FPA camera records IR emission at the air-skin interface, we describe the radiometric temperature increase by the thermal point spread function obtained by summing the contributions of infrared emission at all depths in the tissue (4) where is the infrared attenuation coefficient of tissue which we assume is homogeneous. Substitution of the Green's function (3) into (4) gives an analytic expression for the thermal point spread function (5) where Because the relaxation time due to blood perfusion in the microvasculature is much longer than the time of measurement, i.e., , (5) may be written as the product of two terms and that represent heat diffusion parallel and perpendicular to the air-skin interface, respectively (6) where,
Using (6)- (8), we may write an expression for the radiometric temperature increase at the air-skin interface due to the initial laser-induced temperature distribution as a convolution integral (9) where symbol denotes a convolution operator. Immediately following pulsed laser exposure, infrared emission from subsurface chromophores positioned near the surface transmits directly through the air-skin interface and into the objective lens of the IR-FPA camera giving a peak response of the radiometric temperature increase. Alternatively, infrared emission from deep chromophores is strongly attenuated and radiometric temperature increase due to heat diffusion to the surface is dominant resulting in a blurred IR image at a later time . Limited spatial resolution of the IR-FPA camera introduces additional blur into recorded IR images. To account for such limitations of the imaging instrumentation, we compute the camera point spread function and include it into the analysis to obtain an expression relating a sequence of recorded infrared emission images to the space-dependent temperature increase in subsurface blood vessels immediately following pulsed laser exposure (10) We utilize imaging equation (10) to compute the initial 3-D temperature increase following pulsed laser exposure from a recorded time-sequence of IR images using an iterative nonnegatively constrained conjugate gradient algorithm. Imposing a nonnegativity constraint on the solution substantially increases the quality of the reconstructed image [16] . Mathematically, determination of from the recorded time sequence of images constitutes an illposed inverse problem which may be written as linear matrix equation: (11) where boldface characters represent discrete vector and matrix quantities. The ill-posed nature of the imaging problem (11) is due to the relatively large number of small singular values of the kernel function . Various inversion methods can be utilized to estimate a solution for the initial temperature increase [17] . The conjugate gradient algorithm consists of iterative minimization of a residual functional (12) where is a regularization parameter. We applied the nonnegatively constrained conjugate gradient TRA and regularized by early termination. In this approach, is fixed to zero and the number of iterations becomes a regularization parameter. A variety of principles and philosophies exist for specifying the optimal number of iterations [18] , [19] . Detailed discussion of various regularization techniques is beyond the scope of this paper and will be reported elsewhere.
III. EXPERIMENT
Preliminary experiments were conducted on the CAM microvasculature to demonstrate the IR imaging technique and tomographic reconstruction algorithm in a simple biological model. The experimental setup designed for infrared imaging of laser-heated blood vessels is shown in Fig. 1 . Pulsed laser radiation coupled into a 1-mm diameter multimode optical fiber is delivered onto the test object after reflection by a microprism (MP) centered in front of the IR objective lens. Infrared emission from the test object is collected by a unity magnification objective lens ( , 50 mm diameter) and imaged onto a liquid nitrogen-cooled 256 256 InSb IR-FPA with 30 30 m pixels (Amber Engineering, Goleta, CA). The infrared signal in the 3-5-m spectral region is collected by each detector element in the IR-FPA, digitized by a 12-bit A/D converter and stored in the computer's random access memory. The laser and IR-FPA are triggered simultaneously by an external digital delay generator (DG535, Stanford Research Systems, Sunnyvale, CA) and a sequence of four-hundred IR images is acquired for subsequent processing. The digitized signal of each pixel in the time sequence of recorded infrared emission images is independently calibrated for every measurement using a blackbody radiation source. The calibration procedure eliminates inherent nonuniformities in IR images because radiometric temperature is measured using a response curve for each detector in the IR-FPA rather than a single calibration averaged over the entire array.
Each recorded time-sequence of IR emission images was used as input data for our TRA to reconstruct the initial 3-D temperature increase immediately following pulsed laser exposure. The nonnegatively constrained conjugate gradient algorithm was implemented on a Sun Ultra-SPARC Workstation (Sun Microsystems, Mountain View, CA) using C and Fortran 77 programming languages. Numerical solution of the inverse problem is computationally intensive due to the highdimensional nature of the matrix equation (11) . For instance, reconstruction of the initial three-dimensional temperature increase from a sequence of 400 IR images after 40 iterations of the nonnegatively constrained conjugate gradient TRA requires 40-50 min.
IV. RESULTS AND DISCUSSION
Because the CAM blood vessels are surrounded by a transparent medium [20] and effects due to light scattering are absent, this biological system allows simultaneous visible and infrared imaging measurements and provides a convenient in vivo model to test the IR tomography technique. In our experiments, we used second-harmonic radiation ( nm, -ms) emitted by a Nd:YAG laser (Coherent, VersaPulse, Santa Clara, CA) to heat CAM blood vessels. The IR-FPA camera was triggered simultaneously with pulsed laser exposure and 400 IR emission images of the CAM recorded at a rate of 1700 frames/s. For high-speed data acquisition, the IR-FPA camera was operated in a 64 64-pixel subregion readout mode, providing a field size of 1.92 1.92 mm . Prior to pulsed laser exposure, individual blood vessels were observed under an optical dissection microscope at 40 magnification and recorded by a charge-coupled device (CCD) camera on VHS videotape. The recorded video image of the CAM revealed a dense network of superficial capillaries overlying arteries and veins with larger diameters [ Fig. 2(a) ]. Fig. 2(d) as an isothermal surface at C. Vascular features of the CAM observed in the video camera prior to pulsed laser exposure are apparent in the reconstructed image of the initial temperature increase. Inasmuch as delayed IR emission originates from deeper blood vessels, the computed initial temperature increase may be used to assess the depth of vascular components. The video image shown in Fig. 3(a) contains CAM blood vessels in the field of view ranging in diameter between 30-500 m. The initial temperature increase computed after thirty iterations of the TRA [ Fig. 3(b) ] and its cross-sectional image at m [ Fig. 3(c) ] show that capillary vessels are confined to a superficial layer 100 m thick while the temperature increase in the large blood vessel is located approximately 400 m below the surface. Although the ill-posed nature of the photothermal imaging problem and limitations of the IR instrumentation restrict the imaging depth, results obtained for the CAM vascular model indicate the nonnegatively constrained conjugate gradient TRA may be successfully applied to compute the initial 3-D temperature increase in subsurface blood vessels located within a 600-m layer.
Although the results are encouraging, application of IR imaging to determine the 3-D laser-induced temperature increase in human skin that contains distributions of two chromophores such as epidermal melanin and hemoglobin, requires additional data analysis. We modified our technique to image individual laser-heated PWS blood vessels. Human subjects for these studies were recruited from the patient population currently receiving PWS laser therapy at the Beckman Laser Institute and Medical Clinic, University of California at Irvine; the experimental protocol was approved by the Institutional Review Board (IRB).
Pulsed radiation ( nm, ms) emitted by a flash-lamp pumped pulsed dye laser (Candela, SPTL-1, Wayland, MA) at a dosage of 6 J/cm was used to heat PWS lesions. Typically, the photothermal response of PWS skin to pulsed laser exposure consists of an initial rapid temperature rise due to melanin heating and a slower delayed increase due to heat diffusion from deeper blood vessels to the skin surface [21] . Because the lateral distribution of the initial temperature increase in epidermal melanin immediately following pulsed laser exposure is nearly uniform, energy is concentrated in low spatial frequency components of IR images. In contrast, the initial 3-D temperature increase in hemoglobin is confined to discrete volumes within the lumens of subsurface blood vessels, corresponding spectra contain greater energy in higher spatial frequency components. Immediately after pulsed laser exposure ( 1 ms), heat diffusion is negligible and recorded IR emission images of the skin surface show a complex pattern [ Fig. 4(a) ] due to the combined heating of epidermal melanin and hemoglobin in PWS blood vessels. The most superficial blood vessels in the upper dermis heated by absorption of pulsed laser radiation can be observed in the early-time IR images. The wide variation of spatial frequency spectra resulting from heating of melanin and hemoglobin complicates the IR tomographic reconstruction problem. As a first step toward a solution, we developed a simple subtraction procedure to generate a time-sequence of IR emission images exclusively due to PWS blood vessel heating. In this approach, the radiometric temperature increase due to epidermal melanin heating was subtracted from the time sequence of recorded IR emission images :
Magnitude of was determined by identifying pixels absent of blood vessel heating in IR emission images recorded immediately after pulsed laser exposure (dark regions in Fig. 4(a) ). The average value of the radiometric temperature increase in the "bloodless" pixels was used to infer . The modified time-sequence of IR emission images was used as input data for our nonnegatively constrained conjugate gradient TRA to compute the initial 3-D temperature increase in PWS blood vessels. A 3-D view of an isothermal surface ( C) computed by the TRA after 40 iterations [ Fig. 4(b) ] indicates regions of localized heating due to absorption of pulsed laser radiation in subsurface blood vessels. The computed initial space-dependent temperature increase reveals a network of superficial PWS blood vessels located 150-350 m below the air-skin interface (Fig. 4(c) ). Infrared data show that localized temperature increase may exceed 60 C in discrete blood vessels. Although, the simple subtraction procedure allows reconstruction of the initial temperature increase in PWS blood vessels, preliminary experiments (not reported here) indicate a more detailed data analysis is required for patients with an extensive distribution of smaller caliber blood vessels in the upper dermis.
V. CONCLUSION
Our experiments demonstrate the IR imaging technique may be successfully applied to image the laser-induced temperature increase of in vivo blood vessels. Use of a highspeed IR-FPA camera in combination with a nonnegatively constrained conjugate gradient TRA provides an experimental means for noncontact tomographic reconstruction of the initial 3-D temperature increase in biological systems. Experiments on the CAM model reveal vascular structure of laser-heated blood vessels within a 600-m layer. The melanin subtraction procedure introduced for preliminary processing of PWS images, gives IR emission exclusively due to laserheated blood vessels. The infrared imaging of PWS lesions indicates that localized temperature increase in PWS blood vessels following pulsed laser exposure at 6 J/cm may exceed 60 C. The tomographic reconstruction of the 3-D temperature increase in PWS immediately following pulsed laser exposure may be useful for assessment of the vascular characteristics of a proposed treatment site and, more importantly, to optimize laser dosimetry required for irreversible destruction of targeted blood vessels throughout an extended treatment protocol.
